In order to address how taste information is modulated by inhibitory neuronal interactions in the rat gustatory cortex, we examined putative pyramidal neurons (PY units) and putative inhibitory interneurons (fast spiking [FS] units) that were distinguished by their spike waveforms and discharge rates. FS units were strikingly different from PY units in that the majority of FS units were N-or NH-best neurons and narrowly tuned to 1 or 2 tastant(s), whereas PY units were broadly tuned to plural tastants. Compared with PY units, FS units were characterized by a shorter response latency and/or a longer response duration. These results suggest that inhibitory modulations in the gustatory cortex are carried out in a taste specific and tonic manner. Sensitivity to tastant concentrations in PY units was similar to that in FS units for NaCl but higher for HCl. FS units may act to enhance concentration sensitivity in PY units by reducing PY units' response activity. High density of FS and PY units was observed in the superficial and middle layers (mainly layers III and IV). Responses in N-best FS units in these layers were significantly larger than those in the deep layers, suggesting the existence of layer-specific inhibitory interactions.
Introduction
Taste responses in the gustatory system are generally determined by 2 principal factors, the quality and concentration of taste stimuli. Taste response profiles and concentrationdependent activity in taste-sensitive neurons may be shaped and modified by interactions among principal neurons and interneurons. Neurons in the rat gustatory cortex tend to show a smaller taste response than those in the lower-order gustatory nuclei (Verhagen et al. 2003) , which may result from inhibitory interactions along the corticopetal pathways or within the gustatory cortex. c-Aminobutyric acid (GABA)ergic inhibition has been reported to modify taste responses in the brain stem and the gustatory cortex. In the nucleus of the solitary tract, which is the first-order taste relay, the GABA A receptor antagonist bicuculine methiodide (BMI) enhanced taste responses, suggesting that GABAergic inhibition was involved in sharpening taste tuning (Smith and Li 1998) . In the gustatory cortex, BMI also unmasked taste responses that were invisible before its application (Ogawa et al. 1998) . We reported recently (Yokota et al. 2007 ) neurophysiological evidence for monosynaptic inhibitory connections between taste-sensitive neurons with different taste profiles in the gustatory cortex, which should be contrasted with excitatory correlative firings between the taste-sensitive neurons with similar taste profiles. These results suggest that inhibitory interactions play an important role in taste processing in the gustatory neuraxis.
In earlier studies, interneurons were presumed to generate fast spikes (FS; ''thin spikes'' in Mountcastle et al. 1969 ) with short duration in the monkey somatosensory cortex (Mountcastle et al. 1969 ) and rat barrel cortex (Simons 1978) . Subsequent intracellular recordings from cortical slice preparations indicated that action potentials in GABAergic inhibitory interneurons were shorter in duration than those in excitatory pyramidal neurons (McCormick et al. 1985; Kawaguchi 1993) . Furthermore, simultaneous intracellular and extracellular recordings in vivo revealed that the intracellular and extracellular spike waveforms of the same cell covaried in multiple neuronal types, supporting the applicability of neuronal classification based on extracellular data (Henze et al. 2000) . A number of studies have already exploited this extracellular spike classification technique to distinguish inhibitory interneurons from excitatory pyramidal neurons in the hippocampus (Buzsaki and Eidelberg 1982; Csicsvari et al. 1998; Frank et al. 2001) , prefrontal cortex (Wilson et al. 1994; Constantinidis and Goldman-Rakic 2002; GonzalezBurgos et al. 2004; Povysheva et al. 2006) , somatosensory cortex (Bartho et al. 2004) , barrel cortex (Bruno and Simons 2002; Swadlow 2003) , and visual cortex (Mitchell et al. 2007) .
Inhibitory interneurons in the barrel and prefrontal cortices may sharpen tuning of pyramidal neurons to the directional sensitivity, spatial perception, or temporal precision of their firings (Bruno and Simons 2002; Constantinidis and GoldmanRakic 2002; Swadlow 2003) . In the barrel cortex, inhibitory interneurons generally inhibited pyramidal neurons nonspecifically irrespective of the latter's response characteristics (Bruno and Simons 2002; Swadlow 2003) , whereas in the visual cortex, most inhibitory interneurons were stimulus specific (Azouz et al. 1997; Hirsch et al. 2003) . In the gustatory cortex, however, taste tuning across different cell classes has not been examined.
In the present study, we found that putative inhibitory interneurons (FS units) were more narrowly tuned to NaCl and/or HCl than putative pyramidal neurons (PY units). Compared with PY units, FS units showed a shorter response latency and/or a longer response duration. These results suggest that FS units may exert taste specific and tonic inhibitory influences on PY units. Sensitivity to tastant concentrations in PY units was similar to that in FS units for NaCl but higher for HCl. FS units may act to enhance concentration sensitivity in PY units by reducing response activities of PY units. Neuronal interactions in the gustatory cortex may be layer specific: both FS and PY units were observed more frequently in the superficial and middle layers III and IV, and N-best FS units in these layers showed larger taste response magnitude.
Materials and Methods

Subjects
Fifty-six adult male Wistar rats (body weights: 260--540 g) were used to examine interactions between putative interneurons and pyramidal neurons in the gustatory cortex. All experiments were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and the guidelines of Aichi-Gakuin University.
Surgical Protocol
Animals were anesthetized initially with a mixture of urethane (0.6 g/ kg, intraperitoneally [i.p.]) and pentobarbital sodium (40 mg/kg, i.p.). After a tracheotomy for airway maintenance, the animals were fixed in a stereotaxic apparatus such that the bregma and lambda were level. A craniotomy for electrode insertion was performed over the parietal cortex (AP +0.8 to +2.2 mm to the bregma, lateral 4--6 mm from the midline) in order to minimize damage to the gustatory cortex. Recording electrodes were tilted 5 or 8 degrees on the coronal plane such that they approached the gustatory cortex from the dorsolateral to the ventromedial direction. The animals were artificially ventilated to maintain 4% end-tidal P CO2 . The electrocardiogram was monitored continuously, and the rectal temperature was kept at 37°C with the use of a heating pad. During recording, anesthesia was maintained with urethane (70 mg/kg/h, i.p.), and the animals were immobilized with gallamine triethiodide (90 mg/kg/h, i.p.).
Taste Stimulations
The test solutions (25--26°C) applied into the oral cavity at a flow rate of 1.1--1.3 mL/s were (in M) 0.2 NaCl (N), 0.25 sucrose (S), 0.04 HCl (H), and 0.005 quinine-HCl (Q). Sensitivity in taste-sensitive neurons to different concentrations of salt (0.1 NaCl) and acid (0.02 HCl) was examined for some of the recorded units. The solutions, which were ejected from the nozzle placed near the lingual tip, first touched the soft palate, filled the oral cavity, and then drained through the lingual tip. The different test solutions were delivered successively in random order. Application of each test solution lasted 6 s and was followed by rinsing with distilled and deionized water for 14 s. Ten to 12 applications (trials) were done for each solution. To minimize the effects of the solution's temperature, data on the first 2 trials were not included in the analysis.
To examine the tactile effects of tastant application, after the taste stimulation session, water only was applied into the oral cavity at 2 flow rates (the above-mentioned flow rate and twice that rate) for 10 trials. If a neuron's responses varied with the flow rates, the neuron was classified as ''tactile'' and excluded from the present study. A few neurons (7/85 or 8%), which were not classified as tactile according to the above criterion, showed small phasic responses to water and were included in the present study. It should be noted here that our sampling procedures may have excluded a significant number of neurons with both gustatory and tactile sensitivity known exist in the gustatory cortex.
The number of spikes/s during each stimulation period (6 s) was counted and averaged over 8 or 10 trials for each tastant. In order to obtain the net taste response component unaffected by somatosensory or thermal aspects of the test solutions, the average response to water application was subtracted from the above average. The mean water response was calculated by averaging the number of spikes/s during the last 3 s of each 14 s water application for all water trials. The significance of a response was examined by comparing the average number of spikes/ s during taste stimulation and that during distilled water application (t-test). P values <0.05 were considered statistically significant.
To quantify the differences in response property between neuronal classes, the onset latencies and durations of responses were measured from averaged peristimulus time histograms (aPSTHs; 100ms-bin). As shown in Figure 1 , the onset latency was defined as the first time at which the unit's response exceeded the average activity level (mean ± 2 standard deviation) of the prestimulus period (2 s). The response duration was calculated as the total time (in s) when the unit's response exceeded the average prestimulus activity level. A total of 208 (= 52 3 4 tastants) PSTHs were obtained from 52 (18 FS and 34 PY) units. Of these 208 PSTHs, 86 contained an excitatory response that was significantly larger than the water response. The best tastant was defined as the most effective stimulus of the 4 basic tastants for each neuron (Frank 1973) . In the present study, the best tastant was determined by comparing statistically each neuron's responses to the 4 tastants (analysis of variance [ANOVA], P < 0.05). We estimated spontaneous firing rate as the mean spike activity during water applications (32--40 trials).
Unit Recordings
Four glass micropipettes with 1.5-lm-tip-diameter and 4--6 MXimpedance were glued together to have a 50--200 lm distance between contiguous tips. The multibarreled electrodes were driven with microstep drivers into the area rostral to the unilateral middle cerebral artery and dorsal to the rhinal fissure. Spike activities were amplified, band-pass filtered (300 Hz to 5 kHz), and digitally sampled with 25-ls resolution. Single spikes were isolated using a template matching method similar to that in Forster and Handwerker (1990) .
Acquisition of Spike Waveforms
In order to distinguish putative pyramidal neurons from putative interneurons (including FS interneurons), we examined durations of spike waveforms in single taste-sensitive neurons. Data acquisition software was written in LabVIEW (National Instruments). Waveform samples (n = 100) from each single unit were selected and aligned at the positive peak to obtain an average waveform. Superimposed spikes of 2 representative neurons classified as a narrow-spike and a broadspike neuron were shown in Figure 2A ,B, respectively. The spike waveforms in Figure 2A were averaged in Figure 2C where the duration at the half amplitude of the positive peak from the baseline was measured as the spike width (two-sided arrow in Fig. 2C ) because they were generally less susceptible to baseline fluctuations. In the present study, 3 spike-waveform parameters (spike width, rise time, and decay time) and tastant-evoked firing frequency were used to classify recorded neurons (Gonzalez-Burgos et al. 2004 ). In Figure 2C , the spike was considered to consist of the initial rise from the 0 V baseline, the peak positivity, and the decay (return) to the same baseline. The rise time was the time from the first half spike-amplitude point to the peak. The decay time was the time from the peak to the second half spike-amplitude point. The averaged spike waveforms of Figure 2A ,B were superimposed in Figure 2D , indicating that the spike widths of the 2 neurons were much different (0.237 and 0.522 ms).
Concentration Sensitivity and Entropy
In order to examine neuronal sensitivity to different concentrations of NaCl and HCl in the 2 classes of taste-sensitive neurons, the slope was where the unit's response exceeded the average prestimulus activity level. In this sample aPSTH, onset latency was 0.1 s, and response duration was 2.2 s. This unit is the same as the one shown in Figure 4C . Note the shorter bin width (100 ms) compared with Figure 4 . Spike densities at each trial are shown by raster displays (40 ms).
calculated from the net responses to 2 concentrations of NaCl or HCl as follows:
where S y is the net responses to standard solutions (S x ; 0.2 NaCl and 0.04 HCl in M), and D y is those to the half concentration of the standard solutions (D x ; 0.1 NaCl and 0.02 HCl). The slope was calculated for each tastant for each single unit. The larger the slope, the higher the neuron's concentration sensitivity.
The entropy index (Smith and Travers 1979) has been used to examine the breadth of taste tuning among 4 basic taste stimuli. In the present study, it was used to compare the taste tuning of FS and PY units to 4 taste stimuli (0.2 NaCl, 0.04 HCl, 0.25 sucrose, 0.005 quinineHCl in M). The entropy value was calculated from the net responses to these 4 stimuli as follows:
where Pi is the number of spikes in response to the ith taste stimulus divided by the total number of spikes. The entropy value lies between 0 and 1.0. When a neuron was responsive to only one of the 4 stimuli, the value = 0. When a neuron was equally responsive to the 4 stimuli, the value = 1.0. Here, we used an absolute value of the net responses to the 4 stimuli so that all values of Pi were positive. In order to prevent the Pi from becoming zero, 0.01 was added to each net response.
Monosynaptic Connections between PY and FS Units Estimated by Cross-Correlation Method
To examine possible synaptic connections between PY and FS units, cross-correlation analysis (Perkel et al. 1967; Moore et al. 1970) was performed between 2 simultaneously recorded taste-sensitive neurons. Monosynaptic connections were assumed when a short latency ( <3 ms) peak or trough was observed in the cross-correlogram (Voigt and Young 1990; Csicsvari et al. 1998) . Details of our cross-correlation method were presented previously (Yokota et al. 2007 ).
Histological Localization of Taste-Sensitive Neurons in Gustatory Cortex
After recording of taste-sensitive neurons, pontamine sky blue (2% in 0.5 M Na-acetate-added) was ejected electrophoretically from each recording electrode by applying a 5 lA DC current for 8--10 min. At the end of the experiment, the brain was perfused with Na-citrate-added Ringer solution followed by 10% formalin and stored in a mixture of 30% sucrose and 10% formalin. Serial frozen frontal sections of 20--40 lm thickness were prepared and stained with cresyl violet. Images of the sections were obtained using a light microscope and digital camera (Nikon; 3.34 mega pixels; spatial resolution, 30 lm 2 /pixel) and analyzed with Scion Image (Windows version of NIH Image; Scion corporation). The position of each neuron (dye mark) was determined by its distances from 3 reference points. 1) The rostrocaudal distance from the rostral tip of the genu of the corpus callosum (details in Yokota and Satoh 2001) , 2) the dorsoventral distance from the rhinal fissure on the coronal plane, and 3) the shortest distance from the pia surface (i.e., cortical depth).
Results
Cell Classification
A total of 85 cortical taste-sensitive neurons were recorded from the gustatory cortex in 56 animals. As shown in Figure  3A , the average spike widths of these neurons formed a bimodal distribution with a separation at around 0.4 ms. A t-test indicated that the mean spike durations of neurons in the 2-halves of the bimodal distribution were significantly different from each other (P < 0.001). In Figure 3B , the rise and decay time of individual neurons were plotted against the spike width. In most neurons with the spike width shorter than 0.32 ms, the rise time was longer than the decay time (short spike-duration units). In contrast, in most neurons with the spike width longer than 0.4 ms, the rise time was shorter than the decay time. These long spike-duration neurons were classified as putative pyramidal cells (PY). Neurons with the spike width between 0.32 and 0.4 ms were classified as intermediate duration (ID) units. In Figure 3C , the average of the maximal taste response (in spikes/s) to the 4 basic taste stimuli in each neuron was plotted against the spike width. Figure 2 . Measurement of spike width in taste-sensitive neurons. Spike waveforms (n 5 100) were aligned at the positive peak in a short spike-duration neuron (A) and a long spike-duration neuron (B). (C) The spike duration (width) was defined as the time between 2 half spike-amplitude points straddling the peak (gray two-sided arrow). The rise time was the time from the first half spike-amplitude point to the peak (red arrow). The decay time was the time from the peak to the second half spike-amplitude point (blue arrow). (D) The spike waveforms in (A) and (B) were averaged (black and gray lines, respectively), and the spike widths indicated by the black two-sided arrows. Most taste-sensitive neurons with firing rates exceeding the average of all neurons (8.3 spikes/s) were short spike-duration units (Fig. 3C,D) . In Figure 3D , the number of neurons per each bin of spike width was plotted. Shaded bars indicated those neurons with spike frequency higher than 8.3 spikes/s. Short spike-duration units with spike frequency higher than 8.3 spikes/s were designated as FS units and those lower than this criterion as short spike-duration, low spike-frequency (SL) units.
Taste Responses of Different Cell Classes
Taste-sensitive neurons were classified into the 4 types (PY, FS, SL, and ID) according to spike width and response (firing) frequency. Data on spike width and average taste response magnitude for all recorded neurons are shown in Table 1 . The response magnitude (9.7 ± 1.4) in FS units to NaCl was significantly greater than that in SL (2.7 ± 0.4), ID (2.8 ± 0.8), or PY (1.9 ± 0.5) units (ANOVA, P < 0.001). Differences for other taste stimuli among these cell classes were not significant (ANOVA, P > 0.05). Spontaneous firing rates in FS units (16.8 ± 1.7) were also significantly higher than those in SL (1.9 ± 1.0), ID (1.8 ± 0.5), or PY units (2.7 ± 0.6) (ANOVA, P < 0.001), but no significant differences in spontaneous activities between SL, ID, and PY units were found. The results indicated that FS units had the largest response to NaCl and the highest spontaneous activity. In order to examine possible functional differences and interactions between FS and PY units, the characteristics of these 2 cell classes were examined.
Breadth of Taste Tuning as Measured by Entropy
In order to examine taste tuning in FS and PY units, we calculated entropy values for their taste responses to the 4 basic taste stimuli. The average entropy values (mean ± standard error) were 0.58 ± 0.04 for FS units and 0.69 ± 0.03 for PY units.
The difference was statistically significant (t-test, P < 0.05), indicating that FS units had sharper tuning than PY units. This was due to the fact that FS units responded to only 1 or 2 taste stimuli at most while PY units responded to up to 4 taste stimuli (Table 2) .
Best-Taste Stimuli and Firing Patterns in FS and PY Units
Since FS units responded vigorously to NaCl, they may belong to a specific best-stimulus type. We classified taste-sensitive neurons using Frank's best-taste categories (Frank 1973) . Of 85 taste-sensitive neurons, 42 responded best to NaCl (N-best); 20 to NaCl and HCl (NH-best: for details, see Yokota et al. 2007 ); 13 to HCl (H-best); 2 to sucrose (S-best); none to quinine-HCl (Q-best); 2 to NSH, HQN, NHSQ; and 1 to QS and HS ( Table 2 ). The proportion of N-or NH-best neurons in FS units (18/19 or 95%) was significantly greater than that in PY units (24/38 or 63%) (Fisher's Exact probability test, P < 0.05). PY units showed a wide range of best tastes (N-, NH-, H-, S-, NHQ-, NHSbest, etc.). In contrast, no H-best neurons were found in the FS class (Table 2 ). Such a difference between FS and PY units suggested a possible relationship between neurons' classes and best-taste categories. In Figure 4A , the proportions of FS, SL, ID, and PY units in each of the N-, NH-, and H-best categories are plotted (see also Table 2 ). The majority of H-best neurons (9/ 13 or 69%) were PY units, indicating a gradual increase of the proportion with broadening spike width. In contrast, N-best neurons consisted equally of FS (13/42 or 31%) and PY units (14/42 or 33%). H-best neurons appear to be restricted to neurons with the broader spike width, suggesting that H-best neurons may be cell-class specific. Notably, H-best neurons rarely responded to NaCl, which was the adequate stimulus for most taste-sensitive neurons.
Figure 4B--F shows representative PSTHs of 2 FS units (B,E) and 3 PY units (C,D,F) belonging to the N-, NH-, or H-best categories. All N-best FS units were characterized by persistently elevated discharge rates during NaCl stimulations, ranging from 9.2 to 35.5 spikes/s without accommodation (Fig. 4B) . In contrast, most of N-best PY units (10/14) showed low firing rates (range: 0.2--7.6 spikes/s) of phasic--tonic patterns with some accommodation (Fig. 4C,F) . A few N-best PY units (4/14) also showed high-frequency evoked discharges (11.3--19 .3 spikes/s) without accommodation. Similarly to Nbest FS units, NH-best FS units (9.2--31.5 spikes/s) were distinguished from PY units (0.3--5.4 spikes/s) by their larger evoked discharges (Fig. 4E,F) . A representative H-best PY unit (1.8--13.1 spikes/s) is shown in Figure 4D . Most H-best PY units (8/9) tended to show long latency ( >400 ms) responses in their PSTHs than N-or NH-best PY units (Fig. 4C,F) . Figure 5 summarizes data on the onset latency and duration of responses in different neuron classes (see Table 2 ). The average onset latency to HCl in PY units was longer than in FS units ( Fig. 5A ; t-test, P < 0.01). A representative long-latency response to HCl of an H-best PY unit was shown in Figure 4D . Similarly, the average onset latency to NaCl was also longer in PY units than in FS units (t-test, P < 0.05). Furthermore, the average response duration was longer in FS units than in PY units during NaCl stimulation ( Fig. 5B ; t-test, P < 0.001) but not during HCl stimulation. These firing properties of FS units (i.e., high-frequency discharges with minimum accommodation) were in good agreement with those of FS units reported previously (McCormick et al. 1985 ; Connors and Gutnick 1990) Note: Numbers (mean ± standard error) indicate net taste response (spikes/s) to each tastant (spikes during water application subtracted) or spontaneous activity. n indicates number of neurons. Spike widths (ms) were measured at half amplitude. FS, putative fast-spike interneuron with short spike-duration and high-frequency activity; SL, putative interneuron with short spikeduration and low-frequency activity; ID, intermediate spike-duration neuron; PY, putative pyramidal neuron with long spike-duration. a-b, c-d: One-way ANOVA (P \ 0.001), followed by comparisons with Dunnett's test (P \ 0.005). 
Sensitivity of PY and FS Units to Tastant Concentration
We next examined and compared taste responses of FS and PY units to different concentrations of NaCl and HCl using the slope measure. The procedure was applied to 36 of the 85 tastesensitive neurons. Taste response magnitudes increased with concentrations of taste solutions (Fig. 6A) . The average slopes for NaCl in PY and FS units did not differ significantly. This indicated that, although the absolute response magnitude was much larger in FS units than in PY units, these 2 unit types had similar concentration sensitivity. In contrast, the average slope for HCl in PY units was significantly larger than that in FS units, indicating higher concentration sensitivity in the former units as measured by the 2 concentrations of HCl (0.02 and 0.04 M).
Monosynaptic Inhibition of PY Units by FS Units
Our cross-correlation data indicated the existence of monosynaptic interactions between FS and PY units. Six of 31 pairs of neurons recorded simultaneously showed short-latency interactions in their cross-correlograms. These 6 pairs consisted of 4 FS--PY pairs (PY to FS excitation, one pair; FS to PY inhibition, 3 pairs), one SL--PY pair (PY to SL excitation), and one ID--PY pair (PY to ID excitation). In the 3 FS--PY pairs with monosynaptic inhibition, a trough was formed on the right side of the crosscorrelogram with a monosynaptic delay ( <3 ms) from the firings of the FS unit set at the time zero (Fig. 7) . Figure 7 shows a set of cross-correlograms indicating that an N-best FS unit inhibited an H-best PY unit during HCl stimulation with an onset latency of 2.5 ms. These results revealed a taste-specific inhibitory influence from FS to PY units.
Three-dimensional and Cytoarchitectonic Distribution of PY and FS Units
Histological data indicated that 77 of the 85 taste-sensitive neurons were localized in the granular (GI, n = 22), dysgranular (DI, n = 44), or agranular (AI, n = 11) insular areas and in layers V (n = 34), IV (n = 19), III (n = 23), or II (n = 1). The recording sites of the remaining 8 neurons were unavailable due to dye ejection failures. Figure 8A ,B shows the photomicrographs of representative coronal sections containing dye spots. As shown in Figure 8C , the recording sites plotted on coronal drawings distributed widely in GI (layers III--V), DI (layers III--V), and AI (layers II--V). There were no discernible differences in the laminar or rostrocaudal localization of neurons belonging to the 4 classes (FS, SL, ID, and PY). Moreover, the taste-sensitive neurons were represented by measuring the distances of dye spots to 3 landmarks; dorsoventrally to the rhinal fissure, rostrocaudally to the bregma, and vertically to the pia matter (i.e., cortical depth) (Fig. 9) . The localizations of these tastesensitive neurons were approximately in accordance with those in the previous studies (Yamamoto et al. 1984; Ogawa et al. 1992) . In these studies, taste-sensitive neurons were mainly observed at 0.7--0.8 mm from the cortical surface (corresponding to the middle to deep layers IV/V). Additionally, we found a number of taste-sensitive neurons at approximately 0.5 mm from the surface (mainly in layer III [15/23, 65%] and layer IV [7/23, 30%]), as shown in Figure 9C . The distributions of FS and PY units were similar to each other. The result is in agreement with the reports indicating the overlapped distributions of FS and PY units in the prefrontal cortex (Constantinidis and Goldman-Rakic 2002) . In order to examine whether inhibitory modulations varied depending on the cortical depth, the taste response magnitudes in FS and PY units were compared in the superficial ( <0.6 mm) and deep layers ( >0.6 mm) (Fig. 9C ). They were not significantly different between these 2 layers in either FS or PY units (t-test, P > 0.05). Moreover, the distributions of neurons categorized for their best tastes were examined for N-best units whose number was sufficient for statistical analysis. In N-best FS units, the average taste response magnitude to NaCl in the superficial layers (13.6 ± 2.0 spikes/s, n = 11) was significantly larger than that (6.9 ± 1.9, n = 8) in the deep layers (t-test, P < 0.05), while no such difference was found in N-best PY units (superficial layers, 3.3 ± 1.2, n = 17; deep layers, 5.5 ± 1.2, n = 16) (t > 0.05).
Discussion
We classified taste-sensitive neurons in the gustatory cortex by extracellular waveform characteristics and discharge rates into FS units (with narrow-spikes and high-frequency activity) and PY units (with broad-spikes). In these 2 types of units, a pronounced difference was found in the proportions of neurons with different best tastes. The majority of FS units were N-or NH-best neurons and narrowly tuned, while PY units were neurons with various best tastes and broadly tuned. Compared with PY units, FS units generally exhibited shorter onset latency and more persistent responses. The concentration sensitivity to NaCl in PY units was similar to that in FS units, even though PY units had smaller taste response magnitudes. Taste-sensitive neurons in the rat gustatory cortex were observed in both the superficial and deep layers.
Taste Response Properties and Spontaneous Activity of FS Units
Mammalian neocortical neurons have been classified into pyramidal neurons and some subgroups of nonpyramidal neurons by certain morphological, membrane, and firing properties (Connors and Gutnick 1990; Kawaguchi 1993) . In the present study, on the basis of spike duration and firing frequency, taste-sensitive neurons in the gustatory cortex were classified into FS, SL, ID, and PY units. FS units showed significantly higher spontaneous activity and larger taste responses to NaCl than other cell classes. Such high-frequency spontaneous and sensory-evoked activities of FS units are consistent with FS units in other neocortical areas (Kawaguchi 1993; Bruno and Simons 2002; Swadlow 2003) . All N-best FS units (13/13) showed high-frequency persistent evoked activities with minimum accommodation (see an example in Fig. 4B and Fig. 5B ). Only a small percentage of N-best PY units (4/14 or 29%) showed a similar high frequency and persistent activity. The onset latencies in FS units were significantly shorter than those in PY units (Fig. 5A ). This may be explained by more rapid spike generations of FS neurons to depolarizing currents as compared with regular-spiking neurons (McCormick et al. 1985) . The proportion of FS units in all recorded units (19/85 or 22% in Table 1 ) in the present study was approximately comparable with that of GABAimmunoreactive neurons in the visual (15%; Meinecke and Peters 1987) or auditory (24.6%; Prieto et al. 1994) cortex.
Different Tunings of PY and FS Units to Taste Qualities
In FS units, the proportion of N-or NH-best neurons (18/19 or 95%) was significantly larger than in PY units (24/38 or 63%) (Fisher's Exact probability test, P < 0.05). PY units consisted of heterogeneous neurons showing a wide range of best tastes (N-, NH-, H-, S-, NHQ-, NHS-best, etc.). Individual PY units tended to respond to plural taste stimuli, resulting in a higher entropy value (0.69 ± 0.03) than FS units (0.58 ± 0.04). Such broad tuning to taste stimuli in PY units may be contrasted with smaller receptive fields and finer directional sensitivity in PY units than in FS units in the barrel cortex (Bruno and Simons 2002) . In the visual cortex, orientation selectivity in most FS units was similar to that in PY units (Azouz et al. 1997) and thus unrelated to the excitatory or inhibitory nature of neurons (Hirsch et al. 2003) . These differences in the various sensory cortices may be partly related to the patterns of convergent inputs from the thalamus (Bruno and Simons 2002; Hirsch et al. 2003; Swadlow 2003) . The broad tuning of PY units in the gustatory cortex may be due to converging inputs from intracortical as well as corticopetal neurons with diverse best tastes. Such broad tuning seems conducive to plastic changes in neuronal responses as have been reported to occur after some taste-learning experiences (Yamamoto et al. 1989; Yasoshima and Yamamoto 1998; Accolla and Carleton 2008) .
Entropy values have been widely used to evaluate the breadth of tuning to taste responses. The entropy values in the present study (0.58 in FS, 0.69 in PY units) were similar to those (0.54--0.70) in the previous studies of the rat gustatory cortex (Yamamoto et al. 1989; Ogawa et al. 1992 ).
Taste-Specific Inhibition of PY Units by FS Units As described above, FS units were narrowly tuned to NaCl and/ or HCl. Cross-correlograms in some of these units suggest that they may exert a taste-specific monosynaptic inhibition on postsynaptic PY units. This type of inhibition seems basically restricted to the best-or second-best-stimuli (NaCl and/or HCl) in presynaptic FS units. These observations are consistent with the report indicating that iontophoretic application of GABA A receptor antagonist BMI had taste-specific effects on cortical taste-sensitive neurons (Ogawa et al. 1998) . We have reported previously that taste-sensitive neurons with similar taste profiles received common excitatory inputs and inhibited neurons with different taste profiles (Yokota et al. 2007 ). Such antagonistic inhibition may modulate taste tuning in postsynaptic neurons.
A variety of cortical GABAergic interneurons have been reported that have different morphological, membrane, firing properties, ion channels, calcium-binding proteins, and neuropeptides (McCormick et al. 1985; Kawaguchi 1993; Cauli et al. 1997; Lorincz and Nusser 2008) . It is likely that actions of GABAergic interneurons on pyramidal neurons vary depending on the subclasses of GABAergic interneurons (Quirk et al. 2009 ). Further studies are needed to examine the role of interactions between pyramidal neurons and interneurons in taste coding in the gustatory cortex.
Coding of Tastant Concentration by Activities of PY and FS Units
Although more than 2 concentrations of tastants are needed to examine the form of stimulus intensity and neuronal response functions, our limited data on concentration sensitivity indicated certain differences between PY and FS units. FS units may have a lower response threshold to both NaCl and HCl than PY units since extrapolations of the lines in Figure 6A indicate higher activities of FS units at concentrations where activities of PY units are minimal. The smaller sensitivity slope for HCl in FS units may be due to the fact that their responses were more or less saturated at the 2 concentrations used in this study. The lower threshold and higher activities of FS units are compatible with the hypothesis that these units are inhibitory interneurons acting on PY units. This is consistent with the report that the majority of cortical taste-sensitive neurons were disinhibited by the iontophoretic application of a GABA A receptor antagonist (Ogawa et al. 1998) . Similarly in the rabbit barrel cortex, FS units were shown to have a low threshold for the detection of vibrissal stimulation, presumably contributing to the suppression of PY units' response to stimulation of nonprincipal vibrissae (Swadlow 2003) .
Possible Layer-Specific Processing in FS and PY Units Our histological data indicated that most (all but one) of tastesensitive neurons were located in layers III, IV, or V. Several anterograde labeling studies reported abundant terminal fibers in layers I, III, IV, and V of the insular cortex projecting from thalamic taste relay neurons (Krettek and Price 1977; Cechetto and Saper 1987; Allen et al. 1991; Shi and Cassell 1998; Nakashima et al. 2000) , indicating that thalamocortical terminals are not restricted to layer IV. In electrophysiological studies, taste-sensitive neurons were recorded predominantly from layers IV and V in granular and/or dysgranular areas (Yamamoto et al. 1984; Ogawa et al. 1992) or in agranular areas (Kosar et al. 1986) . Our data showing the more extensive distributions of taste-sensitive neurons in layers III to V are consistent with these histological studies.
N-best FS units in the superficial layers tended to show larger taste responses to NaCl than those in the deep layers, suggesting that FS units may exert larger inhibitory influences in the superficial layers. Neocortical neurons in the superficial layers were reported to play an important role in discriminating different behavioral conditions (Burke et al. 2005) . Immunostaining for endocannabinoid CB 1 receptors, which have been known to affect learning and memory by reducing GABA release, showed layer-specific labeling in layers II/III, V, and VI of the somatosensory cortex (Bodor et al. 2005) . Moreover, injection of a CB 1 receptor agonist into the gustatory cortex reduced taste aversion memory (Kobilo et al. 2007 ). Further studies should be made to clarify the functional roles of Figure 9 . Distributions of taste-sensitive neurons in the gustatory cortex on 3 axes. Ordinate and abscissa indicate the number of neurons and each neuron's distances from 3 landmarks, respectively. Distances were measured, along the direction of each arrowhead, from the rhinal fissure (A), the bregma plane (B), or the pia matter (C).
different neuronal types and their interactions in various layers of the gustatory cortex.
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